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ScienceDirectAgricultural commodity production in a changing climate
scenario is undergoing sustainability challenges due to
degradation of soil fertility, water and biodiversity resources. In
Africa, yields for important cereals (e.g., maize) have stagnated
at 1 t ha1 due to land degradation, low fertilizer use and water
stress. Resource-conserving options such as agroforestry
promote integrated management systems that relate
livelihoods and ecosystem service functions to agricultural
production. Low input practices including improved fallows
using legumes in rotations or intercrops can restore soil
nutrients, improve soil carbon and reduce reliance on fertilizer
use by 50%. We review how agroforestry can sustain
agricultural intensification in Africa by regulating ecosystem
functions such as nutrient recycling, water use, species
diversity and agrochemical pollution.
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Introduction
Climate change and demand for food, feed and fuel will
exacerbate the fragility of cash crop and subsistence food
production systems in most parts of Africa that are
affected by soil degradation and water stress [1]. Current
farming practices worldwide are characterized by two
intensification pathways, one based on high inputs and
Open access under CC BY license.www.sciencedirect.com the other using natural processes. The first system
exemplified by the ‘Green Revolution’ has been success-
ful in terms of agricultural productivity on a global scale,
but it has also been accompanied by soil degradation,
biodiversity declines and environmental pollution, with
negative feedbacks on food security and farm incomes at
local scales [2,3]. Practices geared to producing individ-
ual commodities rather than seeking synergies to opti-
mize the use of limited resources by promoting
integrated natural resource management approaches
could result in long lasting ecological disruptions [3]
in areas of Africa with uncertain climate, for example,
the Sahel [4]. The second approach brings back
traditional wisdom, combined with advances in ecologi-
cal science, into farm management, to achieve desired
yields using more ecologically friendly intensification
pathways [6].
Research has shown that cycles of land degradation are
responsible for a ‘yield gap’ (the difference between
observed yields and those attainable in a given region)
in Africa [5,7]. Cereal production there has stagnated
compared to Asia, where yields have increased by 150%
since the 1960s [7]. Farmers in sub-Saharan Africa have
increasingly switched from traditional crops to improved
maize (Zea mays L.) varieties in the last 25 years, which are
now estimated to cover 33–50% of the maize area [8,9].
Yields are however low and national averages are about
1.5 t ha1 below the research potential of 4–4.5 t ha1 for
hybrid varieties [8]. Farming households (e.g., in western
Kenya) experience maize deficits for 6–10 months each
year [8]. Part of the explanation is that fertilizer use in
Africa increased from only 5 to 8 kg ha1 from the 1960s
to the 1990s, whereas it increased much more markedly
from 10 to 110 kg ha1 in India, and to 240 kg ha1 in
China in the 1990s [7,10].
Opportunities to close current yield gaps involve improv-
ing traditional farming systems by restoring yield-limiting
soil nutrient depletion [6,8,9]. The scale of the problem
was illustrated by Sanchez et al. [11], who estimated
annual losses of 4.4, 3 and 0.5 million tonnes of nitrogen,
potassium and phosphorous, respectively, in 37 countries
in Africa. These losses outweighed annual additions from
fertilizer applications of 0.8, 0.2 and 0.26 million tonnes,
respectively of the same minerals [8].Current Opinion in Environmental Sustainability 2014, 6:35–40
36 Sustainability challengesApproaches such as conservation agriculture, organic
farming, evergreen agriculture and farmer-managed
natural regeneration (FMNR) may therefore offer
particular opportunities for agriculture in Africa [2,12],
to avoid the failure of imported mono-cropping practices
without sufficient external inputs to support them.
Increasingly, researchers and policy makers have recog-
nized the relevance of agroforestry in multifunctional
agriculture [6,11,14]. It provides low input, resource-
conserving farming approaches that are socially relevant
for rural development and relate well to production,
livelihood and ecosystem functions [6,13]. Agroforestry
mechanisms can involve diversifying agro-ecosystems at
species level, bringing direct benefits and resilience in
specific aspects of agricultural production, for example, in
the role of trees as hosts for pollinators needed to fertilize
cash crops such as coffee and cacao [15–18].
The evidence from agro-ecological research indicates that
biodiversity-regulated services such as soil nutrient recy-
cling, water regulation and genetic diversity are key
drivers for sustainable intensification at plot and land-
scape levels [4,17,19,20]. Here, we examine how the
integration of trees in African agricultural landscapes
influences these drivers, supporting production. We
assess how agroforestry: first, promotes crop diversity
and sustainability in farming systems; second, contributes
to wider biodiversity conservation; third, influences water
regulation; and finally, promotes nutrient cycling and
organic matter build up.
Crop diversity for ecosystem services and
sustainable production
The importance of crop diversity in enhancing ecosystem
services and potentially contributing to ecological intensi-
fication is clear [17,19,20]. The integration of trees on
farms can create diversified and productive farming sys-
tems that yield both staple foods and marketable tree
products [21,22]. Different species support productivity
at different times and in different ways, and spread labor
requirements [23]. Practices such as evergreen agriculture
that integrate Faidherbia albida and other trees are
reported to increase maize yields from 1 to 2–3 t ha1
[9] in parts of Africa. Increased yields for ground nuts (by
37%) and sorghum (by 200%) in Senegal and 115% for
sorghum in Burkina Faso have been reported [12]. The
supply of fuel wood over the past 20–30 years has also
improved through agroforestry, saving women the drud-
gery and time required for collection [6,9]. FMNR has
apparently led to the regreening of 5 million hectares in
Niger alone since 1985 [24].
Trees can provide a high volume of standing biomass and
through litter fall and root turnover enrich soils with
carbon [25]. Luedeling et al. [26,27] showed that the
carbon sequestration potential of the vegetationCurrent Opinion in Environmental Sustainability 2014, 6:35–40 component (above and below ground) varied from
0.29 Mg ha1 year1 in a fodder bank agroforestry system
in the West African Sahel to 5.8 Mg ha1 year1 in
rotational wood lots in Tanzania and Zambia.
The amount of biodiversity needed to support different
ecological functions in different contexts and environ-
mental-change scenarios is, however, unclear [23].
Reduced diversity has a negative effect on specific func-
tions, for example, biomass production, even though
some functions, for example, soil carbon, can be provided
by low levels of species richness in at least some contexts
[23,28]. Decisions on whether to support agrochemical
use with negative impacts on species richness or ecologi-
cal intensification approaches are important policy con-
siderations [2,19,29]. Option values on these choices are
summarized in Figure 1. Agroforestry-based option 3 in
the figure supports ecosystem processes and could
improve agro-ecosystem resilience compared to options
1 and 2 driven by agrochemicals.
Though the effects of biodiversity on production land-
scape stability are divergent, the available evidence
indicates that diversity is associated with greater ecosys-
tem stability but lower species stability [30,31]. Even
species that individually have small effects on any one
ecosystem function may be cumulatively important across
many different contexts [23]. Fischer et al. [32] illus-
trated the complementarity of pattern-oriented and pro-
cess-oriented management strategies in production
landscapes so as to sustain vital ecosystem services.
The role of agroforestry in both aspects is identified in
Table 1.
Agroforestry, land-use and biodiversity conservation
In temperate agriculture the use of agrochemicals to
obtain high yields has been shown to decrease biodiver-
sity [2,33]. The ecological value of tree-crop systems
such as rubber, cocoa and coffee agroforests as refuges for
biodiversity in Africa has, however, been well documen-
ted [16,22,34,]. The evidence suggests that win–win
relationships between biodiversity and yields can be
realized in appropriate circumstances and that small farms
have greater efficiency in maintaining species richness
[33]. African farmers with comparatively low intensity
systems and efficient plot management can obtain
improved yields and conserve biodiversity [16,22].
African farmers and policy makers nonetheless lack
clarity on the direct benefits of maintaining biodiversity,
and the pressure to increase productivity on limited land
sizes sometimes leads to the exclusion of viable but less-
researched and more diverse options [3,6,17,33]. Glob-
ally, <3% of the 250 000 plant varieties available to
agriculture are in use, owing to industrialization and to
reductionist research approaches [36]. Traditional com-
modity agroforests are reported to be losing their treewww.sciencedirect.com
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Figure 1
Intensification of food and cash crop systems
Option 1
Rampant use of agrochemicals
to replace ecosystem services
Judicious use of inputs e.g.
precision agriculture
Use ecological intensification
approaches: agroforests,
buffer strips, alley crops
Option 2 Option 3
Improved biomass
High yields
Reduced biodiversity
Constraints for irrigation water
Nutrients overuse possible
Soil acidification
Poor nutrient cycle
Agrochemical pollution
Wide pollution, fragility and
degradation of agro-ecosystems
High yield attainment
Reduced constraints for
irrigation water
Reduced nutrients overuse
Poor nutrient cycle
Agrochemical pollution
Reduced biodiversity
Reduced acidification
Checked degradation of agro-
ecosystems
High biodiversity
High soil organic matter
Nutrient cycling
Filter agrochemical pollution
Improved water storage
Enhanced pollination
Stabilized yields
Improved resilience of food
and cash crop agro-ecosystems
Climate change and increased demand for food, feed and fuel
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Trade-offs involved in selecting option values for agricultural intensification.diversity; for example, only a few tree individuals con-
stitute the high species richness reported in smallholder
coffee systems in East Africa, and these low-density
species are vulnerable to displacement [16,23,37]. In
Ghana, cocoa agroforests are declining owing to
reductions in farm size and to pressure to improve yields
through heavily promoted ‘full-sun’ varieties and through
fertilizer application [38]. The situation in Indonesia,Table 1
Fischer’s 10 guiding principles for the management of production lan
Pattern-oriented strategies AF role 
Maintain and create large, structurally complex
patches of native vegetation
High 
Maintain structural complexity throughout the landscape High 
Create buffers around sensitive areas High 
Maintain or create corridors and stepping stones High 
Maintain landscape heterogeneity and
capture environmental gradients
High 
AF = agroforestry.
www.sciencedirect.com where rubber agroforests are being replaced by more
profitable palm oil monocultures as competition for pro-
ductive land persists, further exemplifies the potential
future situation for Africa [19,39].
Maintaining biodiversity on farms is associated with costs
in the form of reduced incomes if lower yields are realized
or through increased opportunity costs if grown productsdscapes [32].
Process-oriented strategies AF role
Maintains key species interactions and functional
diversity
High
Apply appropriate disturbance regimes Limited
Control aggressive, over abundant invasive species Medium
Minimize threatening ecosystem-specific processes High
Maintain species of particular concern Limited
Current Opinion in Environmental Sustainability 2014, 6:35–40
38 Sustainability challengessuch as timber do not end up attracting a ready market
[35,38]. Though farmers can tolerate agroforest shade
cover of between 20% and 30%, they are unlikely to
maintain cover if its removal is perceived to result in yield
increases [35,38,40]. The loss of ecosystem services such
as crop pollination that could result from diminished
vegetation cover and diversity are not always evident
to farmers [15,41]. Indeed, few studies have been under-
taken to demonstrate the value of trees as pollinator hosts
to support commodity production in Africa (unlike in
temperate systems), for example, Hegland and Totland
[42].
Agroforestry, water regulation and food production
A major concern for agriculture in the context of a chan-
ging climate is how water unavailability may constrain the
irrigation requirements to close yield gaps [1,5]. Agro-
forestry systems using Gliricidia sepium intercrops with
maize in Malawi are reported however to improve water
filtration and water use efficiency above sole maize treat-
ments [9,12]. These findings are similar to the docu-
mented value of vegetative buffer strips to reduce surface
transport of agrochemical pollutants, to increase infiltra-
tion and to reduce run-off in temperate agriculture [43–
45]. Vegetative strip fine root systems hold soil in place
and reduce susceptibility to erosion; plant stems decrease
water flow velocity and enhance sedimentation [45,46].
Whether woody vegetation is more effective than grass or
herbaceous vegetation, whether broad-leaved hardwoods
are better than coniferous trees; and how wide a veg-
etation zone is needed for water quality regulation are
issues that have received significant research attention in
temperate agriculture, but not in Africa [14,43–48].
Research elsewhere indicates that most sediment and
nutrients are trapped within the first 4–7.5 m of a contour
strip and increasing width beyond this brings only mar-
ginal improvements for retention [48]. Studies have also
shown that grass–shrub–tree combinations produced sig-
nificantly lower sediment and total nitrogen-run-off than
grass buffer strips alone [14,48]. Lessons from else-
where on how to reduce N and P nutrient-loading in
streams by better land management are relevant for
Africa, especially where eutrophication in fresh water
bodies, for example, in Lake Victoria, is severe [FL
Mwanuzi et al., unpublished].
Agroforestry, nutrient recycling, soil organic matter and
yields
Nutrient management is a critical pathway toward sus-
tainable intensification. To close the yield gaps to 75% of
the attainable yield while eliminating input overuse in
Africa, small net changes in nutrient inputs are required
under joint nutrient and irrigation intervention: 9%, 2%
and 34% for N, P2O5 and K2O application [5
]. Findings
show that it is possible to reduce yield gaps with limited
nitrogen and phosphorous fertilizer use through effortsCurrent Opinion in Environmental Sustainability 2014, 6:35–40 aimed at reducing nutrient imbalances and inefficiencies
[5,8].
Trees can enhance soil quality by adding above and
below ground organic matter and by releasing and recy-
cling nutrients. Rotational fallows of Sesbania sesban,
Tephrosia vogelii, Cajanaus cajan and Crotolaria spp. can
provide 100-250 kg N ha1 after a 2–3 year fallow. Farm
trials testing maize after 2-year improved fallows
recorded yields of >4 t ha1 compared to an unfertilized
maize control with <1 t ha1 [9]. Intercropping maize
with coppicing legumes, for example, G. sepium, Leucaena
leucocephala and Calliandra calothyrsus can increase grain
yields continuously for several years after establishment
[9,12]. Analysis over a 5-year cycle showed that the net
profit from unfertilized maize was US$130 ha1 com-
pared to US$269 and US$309 ha1 for maize inter-
cropped with Gliricidia or in rotation with Sesbania,
respectively. Benefit-to-cost ratios (BCR) ranged from
2.77 to 3.13 for green fertilizer technologies, in contrast to
2.65 for subsidized fertilizers and 2.01 for non-fertilized
fields [49].
Yield differences are reported to be higher in low-to-
medium potential sites (maize yields of <2 t ha1) than in
higher potential sites [9]. Amending postfallow plots
with 50% of fertilizer application has been shown to
increase maize yields by 25%, indicating legumes may
reduce fertilizer requirements by 50% [9,47]. Besides
adding organic matter to soils, trees roots can effectively
remove portions of inorganic phosphorus in the soil
solution through uptake causing increased P adsorption
capacity of soils and increased P retention [50]. Tree roots
exudates and decaying root cells are used as an energy
source by soil micro-organisms. This food web is main-
tained in the soil outside crops growing seasons, support-
ing soil biota that provide crops with nutrients at the
beginning of the next cultivation cycle.
Conclusions
Traditional, resource-conserving approaches such as agro-
forestry can positively influence the drivers of intensi-
fication such as nutrient-cycling and water-use and help
close the yield gap in Africa. The use of legumes in
rotations or intercrops can restore soil nutrients by fixing
nitrogen, improving soil organic matter and reducing
reliance on fertilizer use. Practices involving species
mixtures and intercropping can create diversified pro-
duction systems yielding both staples and marketable
tree products to improve livelihoods [6,16,21]. Further
research on the integration of ecological knowledge with
an understanding of social-economic constraints is none-
theless required in order to fulfil the potential of diversi-
fication in improving productivity, enhancing ecosystem
functions and providing adaptability in different African
farm settings.www.sciencedirect.com
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